• Electrocardiograms made with a wide band recorder and an expanded time scale have revealed high frequency components not appreciable in the conventional electrocardiogram. 1 ' 2 These high frequency components are more common in coronary heart disease than in normal controls. 3 " 8 Considerable information can be obtained by inspection of the expanded time voltage record which reveals the rates of change in the curve as notches and slurs. 3 ' c ' 8 Therefore, to explore another method for displaying rates of change, it seemed logical to employ the principles of differential calculus, which is the mathematics of motion. It is a method of determining how steep a curve is at various points (its rate of change). The method of choice for obtaining the first derivative of the electrocardiogram with respect to time is an electronic circuit consisting of an operational amplifier. It is the purpose of this paper to display the first derivative with regard to time and to discuss its significance.
Methods
An electronic circuit employing a solid state differential operational amplifier (Philbrick P2) with appropriate feedback elements, as shown in figure 1 , was used as a differentiator. Since the differentiator changes the amplitude of the various components of the signal by a factor which is proportional to frequency, high frequency components are greatly enhanced with respect to low frequency components of the signal. The circuit employed accurately differentiated frequencies up to 2,200 e.p.s. A two-channel oscilloscope was employed to compare the phase relationships between the electrocardiogram and its first derivative. A paper speed of 350 to 600 mm. per second was used. The photographic technique and the method of high fidelity eleetroeardiography using a wide band recorder: and expanded time scale have been described elsewhere. 1 A Krolin-Hite filter set at a low pass from 200 to 1,000 e.p.s. was used after the differentiator to eliminate high frequency noise and hence to give a more intelligible picture. Such a filter, although satisfactory from the practical standpoint for viewing the derivative, distorts it somewhat by reducing the deflection speed and amplitude, and by causing a slight phase shift especially with a cutoff frequency of 200 e.p.s. These changes do not interfere with the interpretation of the derivative as will be seen in the figures and explained in the discussion.
General Principles
The first derivative curve represents the time rate of change of the original electrocardiographie curve and does not follow the general form of the original electrocardiogram. The first derivative is the slope of a line tangent to the electroeardiographic curve at any given point. In the first derivative, the greatest excursion occurs when the electrocardiogram is showing the greatest rate of change. Thus sharp peaks or notches in the electrocardiogram are reflected by large fluctuations in the derivative.
Henceforth, let us refer to the original electrocardiogram as the ECG and to its first derivative as the derivative. The following relationships exist between the ECG and its derivative. (1) A constant rate of change will be associated with a level derivative. (2) The greatest rate of change occurs in the formation of sharp peaks or nadirs of the QRS or its notches and other fast deflections. Hence such phenomena will influence the derivative greatly. (3) Slurs will be reflected in the derivative by causing it to return toward the baseline. (4) The portion of an ECG that is undergoing a slow rate of change will have little influence on the derivative.
The most clearly defined landmarks for orientation on the ECG and its corresponding derivative are the peak of an R wave, the nadir of a Q or S wave, or the peaks and nadirs of the notches which are called relative maxima and relative minima. In all such h'leclronic circuit, for obtaining first derivative. Second amplifier is used, to reinvert the signal. li'epresentutive wave form from signal generator (below) with derivative (above). See text for discussion of points A. through F. cases, at the point of a maximum or minimum on the ECG the curve of the derivative will be at its baseline.
Let us consider in more detail the above concepts. Whenever the BCC1 has reached its greatest positive amplitude, or is at the peak of a notch (relative maximum), or has reached its greatest negative amplitude, or is at the nadir of a notch (relative minimum), the derivative is zero and returns to the baseline. Therefore, at each relative maximum or minimum, including peaks and nadirs of notches, the curve of the derivative will cross the baseline. A relative maximum is a point on the ECG so oriented that all the neighboring points on either side have a smaller amplitude. This will occur when the upstroke of an R wave or limb of a component notch stops ascending but has not yet begun to descend. At this point it is moving horizontally for an instant. The slope of the line which is the tangent to the curve will be parallel to the horizontal or time axis (t) and can be expressed as-Y~ -0, where y is the vertical axis. The same process in reverse order applies to a minimum for a Q or S wave or the nadir of any component notches aud, in such a case, points on either side of the relative minimum have a value greater than the minimum.
On either side of a peak or nadir the rate of change of the ECG is appreciable, and the derivative will show a corresponding excur-LANGNER, 0ESELOWITZ sion. In other words, when the ECG moves rapidly in one direction, reaches its greatest Lead dV j from subject with healed posterior wall infarction. The derivative is shown below. The landmarks denoted by letters A through K are described in the text. amplitude, and then reverses its direction, the derivative will swing abruptly from one side of the baseline to the other. The amplitude of swing in the case of a notch will depend on the sharpness of the notch. When the ECG changes at a constant rate, the derivative is flat at a level proportional to the rate of change. Most T waves exhibit small rates of change, so here the derivative is usually close to zero.
A simple example of a time voltage curve and its consequent derivative is shown in figure 2 to illustrate these points. This curve may be considered the basic wave form of the ECG; i.e., almost any ECG including its notches can be broken down, into a series of wave forms of just this type. The lower curve is the original, while the upper curve is the derivative.
At point A the curve is at a maximum and the derivative crosses the baseline. Similarly, at point C the curve is a minimum and the derivative is again zero. Between A and C the curve is decreasing and the derivative is negative. At B the rate of decrease is a maximum and the derivative has its greatest excursion. B is referred to as a point of inflection. Between C and F the curve is increasing in value and the derivative is positive. Point D, where the rate of increase or slope is a maximum, is another point of inflection and gives rise to a peak of the derivative. Note that the slope at D is smaller than that at B; i.e., the curve is changing more gradually. This fact is reflected in the derivative Avhere the excursion at D is smaller than at C. In the region around E, the slope of the curve is fairly constant and the derivative is level. Finally, at F the curve once more reaches a maximum and the derivative falls to zero.
Results
The results can best be reported by displaying the electrocardiogram and the corresponding curve of its first derivative recorded simultaneously. Note that the first derivative differs dimensionally from the ECG. No amplitude calibration of the derivative has been attempted here, and all comparisons will be based on the shape of the wave forms. (Amplitude calibration of the derivative will probably prove useful in future work.) The paper speed throughout is 350 mm. per second except in figure 5 , where it is 600 mm. per second. Figure 3 is a simple derivative of the normal wave form without notching or slurring. As can be seen, there are no multiple deflections in the derivative and no multiple crossing of the baseline in contrast to records in the subsequent figures of graphs of patients with coronary disease, which show numerous fluctuations in the derivative. V \ from a subject with coronary disease. Derivative is shown above.
curs at the peaks and nadirs of the complexes and their notches. At the corresponding points of the derivative, the intersection occurs at zero points since here-q^-= 0. The letter S indicates slurs and their influence on the curve of the derivative. Above and below curves b and c, respectively, the derivative and the original electrocardiogram are again mounted to show the form of the curves free from extrane6us markings. It can be readily seen that the high frequency components appear more numerous and are easier to visualize in the first derivative. Figure 5 is aV from a subject who had a posterior wall infarction. This record was made with a paper speed of 600 mm. per second and the photograph is enlarged 50 per cent for additional clarity. The original electrocardiogram, which is the upper curve, shows at least 10 notches or slurs that would be read as being in excess of baseline noise. However, in the lower curve, which is the first derivative, there are at least 14 deflections the amplitude of which is clearly in ex- Figure 6 is V 4 from a subject with known coronary disease. In the R wave of the electrocardiogram there are two slurs and a notch which are reflected by corresponding deflections in the first derivative. In the S wave there is a notch at the nadir but very little else in the way of information obtainable in the original electrocardiogram, whereas in the derivative there are three additional deflections that are much greater than the baseline noise. Figure 7 is V 2 from a subject with left bundle-branch block and known coronary disease. As one can see in the original electrocardiogram (curve b), there are at least three slurs present. However, in the derivative with a low pass filter at 200 cycles (curve a), there are at least nine deflections which greatly exceed the baseline noise. The lowest (curve c) consists of the derivative with a low pass filter at 1,000 e.p.s. It can be seen that there are more deflections in the derivative with the 1,000-cycle filter, but it is more difficult to read. For the time being, we have chosen the 200-cycle low pass filter as being the most practical cutoff point to give additional information while largely excluding interference from the noise. It is possible that future experience may find that a value higher than 200 cycles is preferable. Figure 8 is Vr, from the same subject as in figure 7 . Although notches and slurs are obvious in the ECG, their influence is greatly exaggerated in the derivative.
Discussion
The first derivative using an expanded time scale is a new method for displaying the high frequency components of the ECG. The energy content of the ECG is largely of low frequency; the derivative enhances the con-tribution of the higher frequency components. The derivative shows the rate of change in the ECG and is small for slowly changing low frequency wave forms. Small fast slurs and notches will cause deflections of large amplitudes in the derivative, whereas slow steady rises even of considerable amplitude will have little effect. This is readily seen in the P and T waves, which cause little or no change in the derivative.
In the subjects with coronary heart disease, chosen because they exhibited abnormal notching (figs. 4 through 8), there were many more deflections in the derivative than in the normal subject shown in figure 3 . This is to be expected from our previous reports on high frequency components in subjects with coronary disease. The fact that small fast notches and slurs in the ECG are reflected by changes in amplitude in the derivative, which are far greater than the derivative baseline noise level, confirms our previous reports that these high frequency components are very real and not artifacts.
The use of a low pass filter with a high cutoff frequency as low as 200 c.p.s. for recording the first derivative requires an explanation. Since the differentiator enhances high frequency components it also, unfortunately, increases the effect of tremor and other noise. This interference can be reduced by filtering the differentiated signal. If too much filtering is used, there will be a loss of information as well. The setting of 200 c.p.s. seems to be a good compromise. A cutoff frequency of 200 c.p.s. on the Krohn-Hite filter was used in all figures in the text with the exception of figure 6, where an additional curve at 1,000 c.p.s. is shown to illustrate the effect of the tremor. It must be emphasized that the output of the differentiator is being filtered, not the ECG itself. The ECG is recorded by a system, the frequency response of which is flat to 5,000 c.p.s. Small sharp notches which fail to record with an electrocardiograph with a frequency response to 200 c.p.s. may be apparent if first differentiated and then recorded on a system with a similar response. In this way an electronic network which gives the derivative of an ECG will greatly enhance the sensitivity of a relatively low frequeucy system for the fast notches and slurs present in the original ECG. Of course the wave form will be that of the derivative, not the ECG. However, the presence of notches, slurs, and fast deflections in the original ECG can readily be deduced from the derivative. A response that is down 3 decibels (db.) at 200 c.p.s. is the minimum requirement at which our particular differentiating network will accurately reflect phenomena that are seen in the original ECG as small fast notches. One hundred c.p.s. seems inadequate and 150 c.p.s. is questionable. By using the low pass filter at 200 c.p.s. our amplifier response is, in effect, the equivalent of a 200cycle galvanometer. Therefore, the derivative obtained bv a differentiating network can reveal useful information when fed into a system including a galvanometer which has a 3-db. cutoff as low as 200 c.p.s. However, the time scale must be 200 mm. per second or greater. A lesser time scale will obscure relatively fast deflections.
We believe this combination just described may provide a new tool for the study of high frequency components because a direct-writing galvanometer with a 3-db. cutoff at 200 c.p.s. is readily attainable, whereas to raise the response to 500 or 1,000 e.p.s. is more difficult and costly. The paper speed of 200 mm. per second or more creates somewhat of a problem. An alternative is to use a cathode ray oscilloscope with a suitable trigger and time delay circuit so that the expanded sweep of the QRS complex alone is recorded on a single polaroid print.
Summary
A method for obtaining the first derivative of the ECG electronically has been described and the curve of the first derivative displayed with the original ECG. It has been demonstrated that the first derivative emphasizes the high frequency components of the ECG and firmly establishes the fact that these are very real and significant components of the ECG. The ultimate usefulness of this method in electrocardiographic diagnosis remains to be determined.
